In order to purify proteinase from Lactobacillus delbrueckii subsp. bulgaricus, chromatography methods including ion-exchange and hydrophobic interaction were combined. Chromatographic conditions were structured and optimized. The final sample volume, flow rate, and length of gradient for anion exchange chromatography were 20 mL, 5 mL/min and 10 column volume length of gradient, in that order. Besides, the flow rate and length of gradient for hydrophobic interaction chromatography were 1 mL/min and 10 column volume. Proteinase was purified up to 43-fold with a specific activity of 54.4 U/mg protein, and the recovery of 46.6%. The molecular weight of the purified proteinase was about 40 kDa.
INTRODUCTION

Lactic acid bacteria (LAB) such as Streptococcus thermophilus, Lactobacillus lactis, Lactobacillus
helveticus, and Lactobacillus delbrueckii subsp. bulgaricus have been widely used as dairy starter cultures and are of utmost economic importance. [1] LAB proteinases are known to contribute positively to the texture and flavor formation of many fermented dairy products. [2−4] The proteolytic activity of LAB strains has been reported to exert a beneficial effect on the formation and stability of the milk protein gel, [5] and enzymatic hydrolysis of casein by proteinases can present yogurt with different firmness, viscosity, and the degree of syneresis. [6, 7] As fastidious microorganisms, LAB require many free amino acids which are not sufficient for sustaining growth in milk. Thus, their progress in milk is depending on the presence of a complex proteolytic system allowing hydrolysis of milk caseins. [8] The proteolytic system of LAB is mainly composed of a proteinase involved in the initial cleavage of casein, peptidases that can hydrolyze the large peptides formed from casein and transport systems translocating oligopeptides across the bacterial membrane which are involved in the uptake of small peptides and amino acids. [2, 9] The proteolytic system of Lb. lactis was investigated to the extent that a complete framework model for casein breakdown, transport, degradation of casein-derived peptides [10−12] and regulation thereof, was established. [13−15] The cell-envelope proteinase of LAB is a key enzyme in the proteolytic system as it primarily degrades casein for the rapid growth of LAB in milk. In recent years, cell-envelope proteinases from different strains of LAB have been purified and characterized. These include proteinase from Lb. casei subsp. casei IFPL731 (by ammonium sulfate precipitation, hydrophobic interaction and ion-exchange chromatography), [16] Lb. delbrueckii subsp. bulgaricus CNRZ397 (by ultra-filtration and ion-exchange chromatography), [17] and Lb. casei DI-1 (by ammonium sulfate precipitation and chromatograph on DEAE-Sephadex A-25 and Sephadex G-100). [18] In the present study, Lb. delbrueckii subsp. bulgaricus CH9-3 4.0 was selected to purify its proteinase for its technological characteristic. The purpose of this study was to optimize the purification of LAB proteinase. The purified proteinase with high activity is currently underlying mechanism on how proteinase improves the quality of yogurt.
MATERIALS AND METHODS
Microorganism and Culture
The strain of Lb. delbrueckii subsp. bulgaricus CH9-3 4.0 was isolated from the Chinese traditional fermented dairy product by our group. [19] It was routinely propagated in the Man-Rogosa-Sharpe (MRS) broth [20] and kept frozen (-80 • C) in MRS broth supplemented with 20% (vol/vol) glycerol. The strain has been preserved at the School of Food Science and Engineering (Harbin Institute of Technology, Harbin, China). It was subcultured twice successively in reconstituted skim milk (Nestlé, Harbin, China) at 37
• C for 18 h before use.
Measurement of Proteinase Activity
The assay for proteolytic activity was carried out as described by Christen and Marshall. [21] Briefly, it involved combining 0.3 mL of the azocasein (Sigma-Aldrich, MO, USA) solution (50 mmol/L phosphate buffer, pH 7.0) with 0.3 mL enzyme solution. The content of the tubes was mixed and incubated at 37
• C for 1 h. The reaction was stopped by the addition of 0.6 mL of 12% (wt/vol) trichloroacetic acid (TCA). The absorbance of the supernatant was measured at 345 nm using a UV spectrophotometer (Ultrospec 1100 pro, GE, NJ, USA). One unit of enzyme activity (U) was defined as the amount of enzyme enhancing the absorbance of 0.01 per hour at 37
• C. The concentration of protein was estimated by the Bradford method, [22] using the Coomassie protein assay. Bovine serum albumin was used as a standard.
Ultra-Filtration of Cell-Free Extract
The strain of Lb. delbrueckii subsp. bulgaricus CH9-3 4.0 was first grown in MRS broth at 37
• C for 20 h. The cells were then harvested by centrifugation at 4000 g for 10 min at 4
• C, and washed three times with 50 mmol/L Tris-HCl buffer (pH 7.0). The washed cells were re-suspended in the same buffer containing 1 mg/mL lysozyme, and incubated for 3 h at 37
• C. The cell debris was removed by centrifugation at 10,000 g for 15 min at 4
• C. The clear supernatant was passed through a 0.22 µm filter membrane to remove the bacteria. The filtered solution was immediately concentrated by ultra-filtration using a Millipore Lab-scale TFF System (Millipore, MA, USA) with a 10 kDa cut-off. [23] Ion-Exchange Chromatography Concentrated cell-free extracts (10, 20 , and 30 mL) were loaded on a DEAE-52 column (1.6 × 10 cm; GE, NJ, USA), previously equilibrated with 50 mmol/L Tris-HCl buffer (pH 7.0). The column was washed extensively with the same buffer and eluted with a linear gradient of 1.0 mol/L of NaCl in the same buffer for 5, 10, and 15 column volume (CV) length of gradient at flow rate of 1, 3, and 5 mL/min. Fractions of 5 mL were collected and assayed for enzyme activity. The purification system was an ÄKTA purifier 100 system (GE, NJ, USA), which was equipped with a P-900 series pump, an UV-900 monitor, a pH/C-900 monitor, a M-925 mixer, a complete set of motor valves, a Frac-950 fraction collector, an A-900 auto-sampler, and an AD-900 analog/digital converter connected to a 10A refractive index detector.
Hydrophobic Interaction Chromatography
The enzyme solution after DEAE cellulose chromatography was loaded onto a Hitrap Butyl FF column (1 mL; GE, NJ, USA) equilibrated with 1.0 mol/L (NH 4 ) 2 SO 4 in 50 mmol/L phosphate buffer (pH 7.0) which was used as a starting buffer. The non-interacting proteins were eluted with the starting buffer, and the column was eluted with a linear gradient of 1.0 mol/L of (NH 4 ) 2 SO 4 by 50 mmol/L phosphate buffer (eluting buffer) for 10, 15, and 20 CV length of gradient at flow rate of 0.5, 1.0, and 1.5 mL/min. Fractions with enzyme activity were collected, and then the active fraction was diafiltered in an ultra-filtration cup with a 10 kDa cut-off. All purification steps were performed at 4
• C.
Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE)
SDS-PAGE was carried out for the determination of both the enzyme purity and its molecular weight as described by Laemmli [24] with a 5% (wt/vol) acrylamide stacking gel and a 12% (wt/vol) acrylamide running gel. Protein in the gel was stained with Coomassie Blue R250. The molecular weight of proteinase was determined by a molecular weight calibration kit as a marker.
RESULTS AND DISCUSSION
Ultra-Filtration of Cell-Free Extract
The cell-free extract was concentrated to 20% of the original volume by ultra-filtration with a 10 kDa cut-off, and the recovered activity was about 105.8% (Table 1) . Compared to other studies, the recovery activity in this study was higher than that of the proteinase from Lb. delbrueckii subsp. bulgaricus CNRZ 397 by ultra-filtration (recovery of 90%), [17] and much higher than using the ammonium sulfate precipitation method (recovery of 42%), [25] thereby suggesting that it was appropriate to concentrate the cell-free extract. 
Ion-Exchange Chromatography
The DEAE-52 chromatography led to the separation of two substantial fractions. The first fraction showed the highest enzyme activity at sample volume of 10, 20, and 30 mL (Figs. 1a-1c) , respectively. As for estimation, 20 mL of concentrated cell-free extract was initially loaded on a DEAE-52 column and eluted for 5 CV length of gradient, and the yield of proteinase activity had a maximum of 35.5% at a flow rate of 5 mL/min (Fig. 2a) . Thereafter, optimization was done to elute for 10 CV length of gradient, which yielded the enzyme activity of 70.6% at the optimum flow rate (Fig. 2b) . Compared to sample volume of 10 and 30 mL (Fig. 2c) , it was clearly seen that the sample volume of 20 mL gave the highest yield of 70.6% enzyme activity. The optimum flow rate in this study was much higher than the flow rate of 23 mL/h by using DEAE-Sephadex A-25, [25] or at 1 mL/min with a Mono Q chromatography. [17] However, little has been done on how the length of gradient and sample volume of chromatography affects the yield of proteinase activity. 
Hydrophobic Interaction Chromatography
The second peak on the Hitrap Butyl FF chromatography in Fig. 3 showed the proteinase activity after initial purification by the DEAE-52 chromatography. As shown in Fig. 3 , the elution curves of hydrophobic interaction chromatography seemed similar with the 10, 15, and 20 CV length of gradient (Figs. 3a-3c) . It was demonstrated that the yield of enzyme activity was high about 69.5% eluted at a flow rate of 1 mL/min (Fig. 4a) . Meanwhile, optimization was done to elute for 10 CV length of gradient, which yielded the enzyme activity of 74.1% at the optimum flow rate and the yield of enzyme activity decreased with the increased length of gradient (Fig. 4b) . Our result on recovery enzyme activity was fairly similar to that of Lb. helveticus L89 reported by other research on a Fractogel TSK butyl-650 column, [26] and significantly higher than that of Lb. casei subsp. casei IFPL 731 which was purified on Phenyl-Superose HR 5/5 column. [27] These results indicated that the butyl of low hydrophobic chromatography was more suitable for the purification of LAB proteinases.
Proteinase Purification
There were many kinds of protein with a large variety of molecular weight in the crude enzyme after ultra-filtration (Lane 1 in Fig. 5 ). However, the proteinase was extracted after the DEAE chromatography step and the content of the proteinase was much higher (Lane 2 in Fig. 5 ). The enzyme obtained from the final Hitrap Butyl FF chromatograph operation showed a single protein band by SDS-PAGE (Lane 3 in Fig. 5 ) and its molecular weight was about 40 kDa quantified with Quantity One Software (Bio-Rad). On the other hand, the molecular weight for the cell envelope proteinase of Lb. delbrueckii subsp. bulgaricus reported by others was higher to 170 kDa. [17] The specific enzyme activity observed with azo-casein as a substrate after each purification step was summarized in Table 1 . The enzyme was purified about 43-fold from the cell-free extract by ultra-filtration, two steps of column chromatography. The recovery of proteinase activity was about 46.6%.
CONCLUSION
Proteinase produced by Lb. delbrueckii subsp. bulgaricus CH9-3 4.0 was purified. The purification of the enzyme was achieved by ultra-filtration, ion-exchange chromatography on DEAE-52, and hydrophobic interaction chromatography on Hitrap Butyl FF column. After the final step of purification, the enzyme was purified 43-fold with a specific activity of 54.4 U/mg, and fair recovery of 46.6%. The purified enzyme was homogenous on SDS-PAGE, and its molecular weight was estimated to be about 40 kDa. The purified proteinase is currently under further research to investigate the mechanisms of improving yogurt quality during curding. 
